INTRODUCTION
The intestinal epithelium is the largest barrier between the internal and the external environments. Even under normal conditions, the gut mucosa exhibits a state of ''physiological inflammation'' as it is constantly bombarded by foreign antigens and environmental microorganisms. Therefore, its ability to act as an epithelial barrier is crucial for protecting the body against toxic molecules that can trigger mucosal inflammation if they cross the barrier (1) . Moreover, exposure to radiation causes inflammation and immune imbalance and increases gut permeability even at doses as low as 1-2 Gy (2-4).
Increased intestinal permeability and luminal antigen leakage across the epithelial barrier have been linked to chronic mucosal inflammation and various diseases, including autoimmune diseases, in animals and humans (5) . The integrity of the mucosal barrier depends on coordinated expression and interaction of proteins in cellcell junctional complexes, including the tight junction (Tj) (6) . Tight junction composition is highly dynamic and its different components can be divided into transmembrane proteins [the claudin family (7), the occludin family (8) , the IgG-like family of junctional adhesion molecules (JAMs) (9) and tricellulin (10) ] and cytoplasmic proteins [zonula occludens (ZO) and cingulin], which in turn anchor the transmembrane proteins to the perijunctional actin cytoskeleton (6, 11) . In addition, Tj proteins also include a number of signaling proteins that can activate various downstream cascades, act as transcription factors and serve as cell cycle regulators (12) . Interactions of TJ proteins with the actin cytoskeleton are vital for maintaining Tj-related structure and function. However, if the epithelial barrier becomes compromised, such as with inflammation, exposure to radiation, chemotherapy or microorganisms and their products, then intestinal permeability to macromolecules increases (13, 14) . Loss of mucosal integrity can lead to bacterial translocation across the epithelial barrier, potentially resulting in a septic state, which is one of the primary causes of morbidity and mortality after exposure to ionizing radiation (3, 15, 16) . Several lines of evidence support the concept that a direct link exists between Tj-protein impairment and intestinal inflammation. Therefore, to protect the epithelium from diverse physiological challenges, a rapid and coordinated response of Tjs is needed.
Although studies have reported structural and functional changes resulting from radiation-induced intestinal injury (17) , there remains a lack of comprehensive evaluation of such changes in Tj-related proteins after radiation exposure. Therefore, in this study we investigated the Tj-related protein expression, including occludin, the ZO family, the claudin family and the JAM family in jejunum, ileum and colon after irradiation in a non-human primate (NHP) model. The NHP model is valid and relevant to the human response to exposure to radiation and chemotherapy (18, 19) . The findings from this study showed that a single TBI dose (6.7 and 7.4 Gy) resulted in significant alterations of Tj-related protein expression and these disruptions varied across the three segments of gut examined. We therefore concluded that radiation exposure results in alterations of Tj-related proteins, which may be an early step in the pathogenesis of gastrointestinal disease.
MATERIALS AND METHODS

Animals
A total of 24 young adult rhesus monkeys (Macaca mulatta; 12 males and 12 females) without known pre-existing diseases were used. Animals were 4.0-6.2 years old and weighed between 4.2 and 7.3 kg. They were housed in a controlled environment (temperature 21 6 38C, humidity 30-70%, 12:12 h light-dark cycle, 10-15 air changes per hour) and temperature and relative humidity were monitored constantly. A standard certified commercial primate chow (Certified Hi-Fiber Primate Diet 7195Ce, Harlan Teklad, Madison, WI) was available to each monkey twice daily. Municipal tap water (exposed to ultraviolet light and purified by reverse osmosis) was provided to the animals ad libitum. All animals were fasted overnight prior to radiation exposure.
During the course of study, animal care and use was conducted in accordance with principles outlined in the current Guide to the Care and Use of Experimental Animals (Canadian Council on Animal Care) and the Guide for the Care and Use of Laboratory Animals: Eight Edition (National Research Council). The testing facility was AAALAC accredited. All experiments and procedures were conducted according to standard operating procedures. Although the radiation dose would be expected to cause significant mortality and morbidity, the studies reported here were terminated at an early time point before the animals experienced symptoms of severe radiation sickness.
Irradiation and Dosimetry
Animals were total-body irradiated (TBI) with a single uniform dose of 6.7 (LD 70/30 ) or 7.4 Gy (LD 90/30 ) using a 60 Co source (Theratront 1000; Bestt Theratronics Ltd., Ottawa, Canada). The average dose rate was 60 cGy/min. The total dose was divided in two fractions with anteroposterior and posteroanterior exposure. For irradiations, each animal was placed in a chair allowing appropriate restraining in a symmetrical position. To confirm dose uniformity, dosimetry measurements were obtained in the same experimental conditions using solid-water phantoms with dimensions equivalent to the animals. Real-time in vivo dosimetry was monitored during animal exposure using a Farmert ionization chamber (PTW, Freiburg, Germany) subjected to an electrometer bias voltage of À300 V (electrometer model 35040; Keithley Instruments Inc., Cleveland, OH). Dosimeters (scanned nanoDote; Landauert, Glenwood, IL) and superflab buildup material were used at the distal sternum and interscapular area to validate the treatment dose.
Intestinal Tissue Collection
Groups of animals were humanely euthanized on day 4, 7 and 12 after irradiation. Intestinal tissues were procured from the jejunum, ileum and colon of nonirradiated control (n ¼ 4) and irradiated animals on day 4 (n ¼ 4/radiation dose), 7 (n ¼ 4/radiation dose) and 12 (n ¼ 2/ radiation dose) and were either snap frozen (protein analysis) or collected in RNAlatert solution (for RNA analysis). These tissues were stored at À708C for subsequent processing. For histological studies, tissues were fixed in 10% formalin.
Gram Staining
To determine bacterial invasion in the colon after irradiation, gram staining was performed. Colon tissue sections (5 lm thickness) were mounted on slides, deparaffinized in xylene and rehydrated in graded solutions of ethanol. The tissues were gram stained Accustaine (Sigma-Aldrich LLC, St. Louis, MO) according to the manufacturer's instructions.
RNA Extraction and Quantitative Reverse Transcription PCR (qRT-PCR)
Total RNA was extracted from the jejunal, ileal and colon tissues with RNeasy Microarray Tissue Mini Kit (QIAGENt, Valencia, CA) and was cleaned with TURBOe DNase (Ambiont, Grand Island, NY). RNA purity was determined by OD260/280 and OD260/230 (NanoDrope 2000c Spectrophotometer; Thermo Scientific, Waltham, MA). RNA integrity was evaluated on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). cDNA was synthesized from the RNA, using a cDNA reverse transcription kit (Applied Biosystemst, Grand Island, NY), and predesigned TaqMant primers (Applied Biosystems) were used for the following rhesus monkey genes: TNF-alpha (Rh02789784_m1), claudin-10 (Rh02862570_m1), claudin-1 (Rh01076357_m1), claudin-4 (Rh02912847_s1), claudin-7 (Rh01549576_m1), occludin (Rh02842598_m1) and 18sr RNA (Hs99999901_01). The mRNA levels were normalized to eukaryotic 18S rRNA and calculated relative to control mice with the DDCt method.
Western Blotting Analysis
Protein extracts were prepared from jejunal, ileal and colon as previously described (20) . Proteins were quantified with a standard protein assay (DC Protein Assay; Bio-Rad, Hercules, CA). Equal amounts of proteins were loaded and run on NuPAGEt Novext BisTris mini gels (Invitrogene, Carlsbad, CA). After proteins were transferred to PVDF membranes (G-Biosciencest, St. Louis, MO), membranes were blocked for 60 min at room temperature and incubated overnight at 48C in buffer (Tris-buffered saline with 0.1% Tweent 20 and 1% milk powder) with mouse anti-claudin-2, mouse anti-occludin, rabbit anti-ZO-1 (all purchased from Invitrogen), rabbit anti-junctional adhesion molecule 1 (Abcamt, Cambridge, MA), mouse anti-E-cadherin or rabbit anti-caspase 3 (Cell Signaling Technologyt, Danvers, MA). Protein loading was determined with mouse anti-GAPDH (Sigma-Aldrich). Primary antibodies were detected with HRP-conjugated goat anti-mouse or goat anti-rabbit (Santa Cruz Biotechnologyt Inc., Dallas, TX). Immunoreactive bands were visualized with chemiluminescent substrate (Thermo Scientific) on CL exposure films (Thermo Scientific). Films were scanned with AlphaImagert gel documentation system (ProteinSimplet, San Jose, CA) and bands were quantified with ImageJ software (National Institutes of Health, Bethesda, MD). Data are expressed as mean 6 standard error of the mean (SEM).
Statistical Analysis
Statistical analysis was performed with Graphpad Prism 5.0 (GraphPad Software Inc., LaJolla, CA). Comparison among multiple RADIATION AND INTESTINAL TIGHT JUNCTIONS means was performed by analysis of variance. Comparisons of control and irradiated groups were performed by two-tailed t tests. Differences of P , 0.05 were considered statistically significant.
RESULTS
Effects of Total-Body Irradiation on Mucosal Bacterial Invasion in Colon Tissues
Compared to the nonirradiated control, a single dose of 6.7 Gy, at day 4, induced extensive shedding of the mucosa/ mucosal erosions in colon tissues. However, the thick mucus layer prevented luminal bacteria from entering the intestinal tissue (Fig. 1A and B) .
Effects of Total-Body Irradiation on Expression of TjRelated Genes in Jejunal, Ileal and Colon Tissues mRNA levels of genes encoding a set of Tj-related proteins (i.e., Claudin-1, -4, -7, -10, occludin and TNF-a) were assessed with qRT-PCR and were normalized to those of eukaryotic 18S rRNA. mRNA levels in jejunal, ileal and colon tissues from animals irradiated with 6.7 and 7.4 Gy were compared with those from nonirradiated controls. Compared to controls, jejunal tissues from both irradiated groups (6.7 and 7.4 Gy) had significantly increased mRNA levels of TNF-a and claudin-10 on day 4 (P ¼ 0.05; Fig. 2A and B), but the levels returned to baseline by day 12 after TBI. In contrast, mRNA levels of claudin-4 and -7 in jejunum were significantly decreased (P ¼ 0.02) on day 7 postirradiation (7.4 Gy) ( Fig. 2D and E) . However, relative mRNA levels of claudin-1 and occludin remained unaltered compared to controls ( Fig. 2C and F) .
Ileal tissues showed significant increase in claudin-10 mRNA (P ¼ 0.05) (Fig. 3B ) on day 4 postirradiation, but TNF-a levels were not significantly altered on day 4. By day 7, however, TNF-a mRNA levels had decreased and the decrease persisted through day 12 (Fig. 3A) . Interestingly, claudin-1, -4 and -7 and occludin showed time-dependent decrease in expression in ileal tissues through day 12, which was the latest time point examined (Fig. 3C-F) .
In colon tissues, radiation doses of 6.7 and 7.4 Gy induced increased expression of TNF-a, claudin-10 and claudin-1 mRNA on day 4 after TBI, and the levels returned to those of nonirradiated controls by day 12 after TBI ( Fig.  4A-C) . In contrast, mRNA levels of claudin-4 and -7 and occludin were decreased in colon tissues on day 4 after TBI ( Fig. 4D-F) . Interestingly, while the levels of claudin-7 and occludin in the colon were restored to levels seen in controls Protein levels of claudin-2, JAM-1, occludin, E-cadherin and caspase-3 were assessed with densitometric analyses of Western blots. GAPDH was used as a loading control. Protein levels in jejunal, ileal and colon tissues from animals irradiated with 6.7 and 7.4 Gy were compared with those from nonirradiated controls. On day 4, jejunal tissues had higher levels of claudin-2 protein at both radiation doses (6.7 and 7.4 Gy) than in nonirradiated controls, however, by day 12, the levels had returned almost to baseline (Fig. 5B) . In contrast, occludin levels in jejunum were elevated on day 12 in the 6.7 Gy irradiated group (P ¼ 0.04; Fig. 5D ). JAM-1, which has been implicated in the regulation of epithelial barrier function and inflammatory response, was highly upregulated in jejunum on day 7 after TBI at both radiation doses (Fig. 5C ), but the levels decreased by day 12. Furthermore, levels of E-cadherin, a major component of adherens junctions, were also reduced in jejunum on day 4 postirradiation (Fig. 5E) , which persisted through day 12 for both radiation doses (Fig. 5E ). Cleaved caspase-3 expression in jejunum of controls was not significantly different from that of irradiated animals (Fig. 5F ).
Claudin-2 expression in ileal tissues was increased in groups exposed to 6.7 and 7.4 Gy on day 4 postirradiation (earliest time point examined), however, from day 7 onward, claudin-2 levels were decreased (Fig. 6B) . JAM-1, which plays an important role in the regulation of epithelial barrier function and junction assembly (21), was highly upregulated in ileal tissues at 6.7 Gy on day 7 and at 7.4 Gy on day 4 (Fig. 6C) . TBI resulted in alterations in levels of E-cadherin (Fig. 6D ) but no significant differences in cleaved caspase-3 ( Fig. 6E ) in ileum.
In colon tissues, TBI resulted in increased levels of claudin-2 on day 4 (6.7 Gy); this was significantly reduced by day 7 (P ¼ 0.03; Fig. 7B ), baseline levels were achieved at both doses (6.7 and 7.4 Gy) by day 12. Interestingly, JAM-1, E-cadherin and cleaved caspase-3 levels (Fig. 7C -E) were highly upregulated on day 7 in colon tissues from animals exposed to either radiation dose; by day 12 postirradiation, these had returned to baseline. ZO-1 levels were insignificantly downregulated on day 4 and 7 in colon tissues from 6.7 Gy irradiated animals, but few alterations were noted in response to 7.4 Gy TBI (Fig. 7F) .
DISCUSSION
Epithelial tight junctions form a selectively permeable barrier to ions and small molecules. We and others have shown that exposure to ionizing radiation induces severe structural and functional damage to the gastrointestinal tract, which includes an increase in intestinal permeability through disrupted epithelial Tjs (22) (23) (24) . Integrity of the mucosal barrier is maintained by intercellular junctional complexes, such as Tjs, adherens junctions and desmosomes (25, 26) . Structurally, these Tjs are composed of membrane-spanning proteins, including claudins, occludin and zona occludens (28) . Studies have shown that their redistribution in Tj membrane microdomains may disturb the epithelial barrier and increase intestinal permeability (27) . Although the interplay between these different classes of proteins are essential for Tj formation and function, the claudin family of proteins plays a critical role in Tjs by regulating paracellular barrier permeability (29) (30) (31) . The current study demonstrated that levels of occludin, ZO-1, JAM-1 and claudins were altered to varying degrees in jejunum, ileum and colon after TBI; these components of Tjs are all responsible for epithelial barrier functions.
In this study, we demonstrated that a single TBI dose in a non-human primate model resulted in significant induction of the Tj-related proteins claudin-2, claudin-10 and JAM-1, while claudin-4 was reduced in all three segments of gut examined (jejunum, ileum and colon). Alterations in levels of some Tj-related proteins, however, were specific to a particular region of gut. For instance, claudin-1, which has been detected in intestinal epithelia, was highly induced only in colon on day 4 postirradiation. In contrast, claudin-7 was significantly reduced through day 12 postirradiation (latest time point examined) only in ileum. These data suggest that the function of claudins may be highly tissue specific and may depend on the exact molecular circuitry of the cell (32) . For instance, while claudin-1 is essential for Tj function (33) , claudin-7 is more involved in modulating Cl -permeability (34) . Indirect evidence indicates that claudin-4 in the colon tightens the paracellular pathway, but claudin-4 reportedly is downregulated under various conditions that lead to increased permeability (35) ; this is consistent with results of our study. In fact, radiation exposure did reduce claudin-4 mRNA levels in all three examined segments of gut and levels in the colon were significantly reduced. Indeed, it is well documented that alterations in the ratios of claudins expressed by epithelial cells can have dramatic effects on the cells' permeability to small molecules (36, 37) . The significant alterations in claudin expression were correlated with a high incidence of radiation-induced macroscopic and histological lesions in the colon in the current model. However, there were few notable changes in the relative ratios of Tj-related proteins in the jejunum, ileum and colon of control animals, as shown in Supplementary Table S1 (http://dx.doi.org/10.1667/ RR14157.1.S1).
It has been reported that Claudin-2 is highly expressed in leaky epithelial tissues, including intestinal crypts (38) . Based on our previous observation that ionizing radiation causes enhanced intestinal permeability, concomitant with an increased level of claudin-2 (24), we speculated that increase in claudin-2 may compromise integrity of the gut mucosal barrier. However, to our surprise, even though radiation did induce increased intestinal levels of claudin-2 on day 4, a level of significance was not achieved. Furthermore, extensive shedding of the mucosa/mucosal erosions as seen in the colon exposed to 7.4 Gy on day 4 clearly suggests that epithelial permeability may be highly compromised in the colon and can be exploited as a portal of entry for commensal bacteria. Reports have further suggested claudin-2 as one of the Tj proteins involved in alterations of intestinal permeability during bacterial invasion of intestinal epithelial cells (39, 40) .
By simply abrogating epithelial barrier function, inflammatory disease can be induced in a susceptible host with features that are expressed both locally and systemically. One of the key mediators implicated in inflammation is TNF-a (41), which induces internalization of Tj-related proteins (45) , decreases transepithelial electrical resistance and increases paracellular permeability via an NF-jBmediated response that upregulates myosin light chain kinase, and its inhibition was able to acutely restore barrier function in TNF-treated intestinal epithelial cells (46, 47) . This study demonstrated that mRNA levels of TNF-a were greatly increased on day 4 postirradiation in jejunal and ileal tissue, but not notably altered in ileal tissue. In addition, a marked increase of TNF-a-positive staining was observed in 7.4 Gy irradiated colon sections at day 4 compared to controls (unpublished data), thus suggesting that activation of TNF-a may contribute to intestinal mucosal barrier breakdown after TBI. Likewise, studies have further shown that TNF-a induced IL-1 and NO may also result in disruption of Tj structures, however, therapies with monoclonal antibody to TNF-a such as infliximab have been attributed to its ability to attenuate TNF-a via induction of apoptosis in activated T cells (25, 48, 49) . Above all, there is evidence that TNF-a may be the major link between leaky gut and Crohn's disease (50) .
JAM-1 (JAM-A/F11R), which has been implicated in the regulation of epithelial barrier function and inflammatory response, showed a robust upregulation on day 7 after TBI at both doses (6.7 and 7.4 Gy; Figs. 5C, 6C and 7C) (21) . Other studies have shown decreased levels of JAM-1 in keratinocytes after radiation-induced permeability increases (41) , and knockdown of JAM-1 results in increased paracellular permeability in epithelial monolayers (42) . Furthermore, deficiency of JAM-1 is associated with increased colonic inflammation and increased paracellular permeability, as well as altered expression of claudin-10 and -15, which regulate Tj barrier function (37, 43) by forming ion-selective pores composed of homo-and hetero-oligomers (44) . Interestingly, the current results demonstrate that, in response to TBI, claudin-10 mRNA was highly induced in colon samples, in addition to jejunum and ileum samples on day 4 postirradiation. Impaired expression of E-cadherin (a major component of adherens junctions) in the small intestine and colon has been linked to disturbed intestinal homeostasis and barrier function. Downregulation of E-cadherin was noted in the current study on day 4 postirradiation in jejunum, ileum and colon; however, this downregulation persisted through day 12 postirradiation only in the jejunum (Fig. 5E) . Interestingly, TNF-a has also been shown to downregulate Ecadherin in caco-2 cells (model of small intestine) (51) . Several studies have reported reduced expression of Ecadherin in the inflamed epithelium of Crohn's disease and ulcerative colitis, where alterations in the epithelial barrier are believed to be a primary factor in disease development (52, 53) . Furthermore, studies have suggested that Ecadherin not only is required for maintaining mechanical integrity but also is critical for maturation of Paneth and goblet cells (54) .
Interestingly, unlike the mRNA expression levels, there were only small differences noted between the controls and irradiated animals for most of the proteins in the gut that were examined. This may be related to the relatively small sample sizes, since the study was performed on non-human primates. As is evident by the SEM bar shown for our protein data, individual variation within the group could have resulted in diluting of the effects induced by radiation. Furthermore, in addition to alterations of expression levels of Tj-related proteins, changes in their intracellular localizations may also disturb the epithelial barrier function, which was not addressed in the current study. Importantly, all gut segments examined histologically exhibited prominent atrophy of crypts and villi, including decreased plasma citrulline levels, a marker of enterocytes mass (unpublished data).
The levels of mRNA and the protein expression of each Tj mediator examined in all three regions of gut were altered at day 4 postirradiation, but returned to control levels at later time points. These functional changes were correlated to the clinical improvement in diarrhea as noted in the later part of the study. However, it would be difficult to state that gut homeostasis had been fully restored 12 days after LD 70/30 and LD 90/30 doses, and further studies are warranted.
In conclusion, to the best of our knowledge, this is the first study to show alterations of Tj-related proteins in jejunum, ileum and colon in a non-human primate model after radiation doses in the ''hematopoietic'' range.
FIG. 7.
Effects of TBI on Tj-related proteins in the colon. Panel A: Proteins extracted from colon tissues of total-body-irradiated animals (6.7 and 7.4 Gy) for the indicated amounts time were analyzed with Western blots, using antibodies to the indicated Tj-related proteins. The intensity of each band was quantified and normalized to that of GAPDH (quantification results are shown in panels B-F). Radiation exposure resulted in significantly increased amounts of JAM-1 in the 6.7 Gy irradiated group (day 7) (panel C), but significantly decreased amounts of claudin-2 (panel B) and E-cadherin (panel D) at the early time point (day 4). Compared to controls, radiation exposure did not significantly affect amounts of cleaved caspase-3 or ZO-1 (panels E and F, respectively). *P ¼ 0.04, **P ¼ 0.03 compared to controls. Reported as average 6 SEM; n ¼ 4/group (controls, day 4 and 7) and n ¼ 2/group (day 12).
Unraveling the cellular and molecular activity in response to intestinal radiation injury will help understand the mechanisms involved and develop pharmacological modulators to mitigate or treat the injury. Table S1 . Relative ratios of Tj-related proteins in control animals in jejunum, ileum and colon.
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